Transition metal complexes of chiroporphyrins, in which two adjacent meso substituents are linked by a strap of eight methylene groups, [M(BCP8)], can exist as either an RRRR or RβRβ atropisomer depending on the nature of the coordinated metal cation. This remarkable conformational versatility was investigated by density-functional theory calculations for the d 5 chloroiron(III) complex in the low-spin and high-spin states and for the d 4 high-spin chloromanganese(III) complex. The lowest-lying electronic state of all of the conformers of the chloroiron(III) bridled chiroporphyrin is found to be the high-spin state. For the chloroiron(III) complex in the low-spin or the high-spin state and for the high-spin chloromanganese(III) complex, the most stable form is predicted to be the RRRR conformer in which the chloride axial ligand is located within the cavity provided by the bridles. The predicted stereochemistries are compared with those similarly obtained (i) for the chloroiron(III) and chloromanganese(III) complexes of the tetramethylchiroporphyrin, which is devoid of straps, and (ii) for the d 10 zinc(II) and low-spin d 8 nickel(II) BCP8 complexes, on the basis of the effects tied to the occupancy of the stereochemically active d x 2 -y 2-type antibonding orbital level, to the restraints imposed by the straps, and to the presence of the axial chloride ligand.
Introduction
Transition metal complexes of the bridled chiroporphyrin H 2 BCP8 (BCP = bridled chiroporphyrin), in which meso substituents derived from 1(R)-cis-hemicaronaldehyde (biocartol) are connected by eight -CH 2 -groups (Figure 1) , exhibit two drastically different conformations depending on the nature of the central metal cation.
1,2
They can exist as an RRRR or RβRβ atropisomer, where R and β refer to the location of the meso cyclopropyl substituents above (R) or below ( β) the average plane of the macrocycle. Thus, the zinc(II) and low-spin (LS) nickel(II) complexes [Zn(BCP8)] (1ˆ) and [Ni(BCP8)] (2ˆ) are isolated as the RRRR and RβRβ conformers, respectively.
1 [The RRRR and RβRβ stereoisomers of a species rigorously are atropisomers, 3 but we will use as well the nearly equivalent term conformers for convenience (see also ref 4).] The X-ray structures of the RRRR-1ˆand RβRβ-2ˆcomplexes are shown in Figure 2 . In the open RβRβ conformation adopted by the LS nickel(II) complex (Figure 2 , bottom), the porphyrim macrocycle is ruffled and the bridles connect opposite faces. In contrast, the macrocycle is slighty domed in the RRRR conformation of the zinc(II) complex (Figure 2, top) , and the bridles located on a same face are folded together like a pair of tweezers. While the conformational discrimination apparently is exclusive for BCP8 complexes, chiroporphyrins with longer bridles seem to be more conformationally tolerant. Thus, the chloromanganese(III) complex [MnCl(BCP10)] is obtained and isolated as a mixture of the two RRRR and RβRβ conformers. 2 The possibility of achieving a fine control of the RRRR T RβRβ change of conformations in complexes of BCPs is really appealing, as this would provide a route to the design of nanoscale devices such as molecular swiches or nanotweezers. This is the reason why we are investigating the conformational versatility of complexes of BCPs using both experimental and theoretical approaches.
The ability to monitor the conformations of these BCP complexes is essential to their study, especially with regard to their proposed use as nanodevices. The determination of solution conformations of organic molecules and diamagnetic Article Inorganic Chemistry, Vol. 48, No. 12, 2009 5165 complexes generally is obtained by NMR spectroscopic methods. However, in the case of paramagnetic species such as iron(III) or manganese(II/III) porphyrins, NMR spectroscopy is useless due to their broad resonances, which prevent observation of signal multiplicities. This difficulty has been overcome by using electronic circular dichroism (ECD) spectroscopy as a conformational probe. In a preliminary study, examination of the ECD spectra of H 2 BCPn (n = 8, 9) and of their diamagnetic Ni(II) and Zn(II) complexes has allowed correlations to be drawn between the conformation (observed by NMR) and the sign of the Cotton effect in the Soret region. 5 Bridled chiroporphyrins that are in an RRRR conformation (H 2 BCP8, 1ˆ) gave a positive ECD signal, while those with a RβRβ conformation (2ˆ, H 2 BCP9, [Ni(BCP9)], and [Zn(BCP9)]) gave a negative ECD signal. It has been shown that this empirical correlation could be safely extended to the Mn(III) and Mn(II) complexes in this series, allowing plausible assignments of their solution conformations. 6 For the Mn(III) complexes, the conformation assignment deduced from the composite ECD signal has been corroborated by an X-ray structure determination of [Mn III Cl(BCP10)], which shows a mixture of RRRR and RβRβ atropisomers.
2 Accordingly, the square-planar [Mn II (BCP8)] complex, which exhibits a positive ECD signal, has been assigned the C 2 -symmetric RRRR conformation, 6 similar to that of the Zn(II) complex. These observations suggest that a redox signal can trigger the RRRR T RβRβ change of conformations in BCP complexes.
Predicting the stereochemistry of a given BCP complex is a challenging theoretical issue in that the Gibbs free energy G of each of its conformers must be accurately determined for the conformational analysis to be complete. Different factors affecting the free energies of the conformers thus come into play, possibly strengthening or counterbalancing the effects of one another in a subtle manner. We do not intend to consider all of them simultaneously in the present theoretical contribution. Consequently, we will in the following delineate the scope of our study. G divides into a gasphase contribution G[L] and an environmental contribution G[env.], for which we shall only consider solvation effects. Given that the solvent-accessible surface area of the open form RβRβ is larger than that of the closed form RRRR, solvation is likely to have a large influence on the RRRR T RβRβ conformational equilibrium. However, it is not our purpose to investigate here solvation effects. These will be addressed in subsequent studies using a continuum solvation model. [7] [8] [9] [10] Besides the calculation of the electronic energy, the determination of G[L] would necessitate that of the vibration frequencies so as to be able to calculate the entropy, the zero-point energy, and thermal corrections. The BCP complexes are quite large systems for which vibrational analyses are computationally demanding. In the present study, we do not tackle the determination of these frequencies, and therefore, we base our conformational analyses on the determination of the electronic energy differences. That is, for the time being, we are only concerned with the careful and thorough exploration of the electronic and structural influences of transition metals on the stereochemistry of a chiroporphyrin, namely, BCP8. (10) Implicit solvation models allow the calculations of solvation free energies at reasonable computational costs. They also allow one to distinguish between the contributions arising from the electronic and structural relaxations of the considered system upon solvation and those arising from the solute-solvent interactions. Actually, when using an implicit solvation model for studying metalloporphyrins, attention must be paid to the fact that the transition metal cation may exhibit a noticeable affinity for the solvent molecules. In such a case, the chemical identity of the considered system actually changes due to the presence of a more or less pronounced axial coordination by the solvent molecules. These solvent molecules should then be explicitly taken into account, as their presence alters the ligand field around the metal, for instance. For the BCP complexes, this is likely to affect their stereochemistry. Lawson Daku et al.
Within this precise framework, we recently applied density functional theory (DFT) 11-14 to the study of the relative stability of the RRRR and RβRβ conformers of 1ˆand 2ˆ.
5
For either complex, the BCP8 moiety was shown to exhibit in the RRRR conformation a dome-shaped porphyrin which slightly contracts and becomes strongly ruffled upon the RRRR f RβRβ isomerization, so as to accommodate the alternating up-down meso substituents. For a given conformation of the bridled chiroporphyrin, the metal-nitrogen bonds were found to undergo upon Zn(II) f Ni(II) substitution a shortening of ∼0.1 Å , which is due to the fact that the antibonding level of d x 2 -y 2 type, which is filled in the d 10 zinc (II) complex 1ˆ, becomes unoccupied in the LS d 8 nickel(II) complex 2ˆ. For complex 1ˆ, the RRRR conformer was found to be the electronically most stable form. By passing to 2ˆ, there is a strong stabilization of the RβRβ conformer, consistent with the X-ray structures of RRRR-1ˆand RβRβ-2ˆ. These results indicate that the extent to which the porphyrin macrocycle contracts (respectively, expands) and stabilizes the RβRβ (respectively, RRRR) conformation is largely determined by the occupancy of the stereochemically active d x 2 -y 2 orbital level.
In this paper, we extend our theoretical study of the stereochemistry of BCP8 complexes to two axially coordinated species, namely the d -anion, the conformational analysis also accounts for the possibility of the location of the Cl atom within (conformers RRRR-3ˆi n and RRRR-4ˆi n ) or outside (conformers RRRR-3ˆo ut and RRRR-4ˆo ut ) the cavity provided by the bridles.
In our previous study, 5 the conformational analyses of 1ˆand 2ˆwere carried out using the PBE generalized gradient approximation (GGA). 18, 19 In the present study, the situation is complicated by the fact that we are also interested in calculating the relative energies of the conformers of 3ˆin the HS and LS states. Indeed, the accurate determination of the electronic energy differences between states of different spin multiplicities is a challenging theoretical task, especially in DFT, in that most density functionals tend to fail. This difficulty met with the DFT methods has been evidenced for iron porphyrin systems (see, for instance, refs [20] [21] [22] . It is receiving considerable attention, as attested to by the many recent studies aimed at assessing the performances of modern functionals with regard to the energetics of the spin states of transition metal complexes (see, e.g., refs . For all of the considered complexes, most GGAs;the PBE functional included;overestimate the stability of states of low-spin multiplicity with regard to those of higher multiplicity. The situation does not necessarily improve in passing to the more sophisticated and computationally demanding hybrid and meta-GGA functionals. Thus, hybrid (respectively, meta-GGA) functionals tend to overstabilize states of high (respectively, low) spin multiplicity with respect to those of lower (respectively, higher) multiplicity. Actually, the performance of the hybrid functionals was shown to strongly depend on the amount of the exact exchange which they include, 24, 32, 36, [40] [41] [42] [43] [44] [45] and an exact-exchange contribution of about 10% seems to be appropriate for the study of the spin-state energetics in transition metal complexes. 24, 32, 36, 41, 42, 44 Unfortunately, the good performance shown by a given functional for some complexes does not necessarily extend to other complexes. Still, with the continuous development of new functionals, it can be expected that the situation will improve. In the meantime, 47 which are similar to 3ˆand 4ˆbut are devoid of straps. Both are HS species and have been isolated as RβRβ conformers. A comparison of the results obtained for the chloroiron-(III) and chloromanganese(III) complexes of TMCP with those obtained for their BCP8 counterparts will help us discuss the influence of the short bridles in detail.
Computational Details
Calculations were carried out with the Amsterdam Density Functional (ADF) program package, 48,49 using basis sets from the ADF basis set database. ADF uses Slater-type orbital (STO) functions, and the set of STO functions used corresponds the S 0 set of ref 5
. It consists of a triple-ζ polarized basis set TZP for the Mn, Fe, Ni, and Zn atoms; a double-ζ polarized basis set DZP for the N, Cl, C, and O atoms; and a double-ζ basis set DZ for the H atoms. The core shells were frozen up to the 3p level for Mn, Fe, Ni, and Zn,; up to the 2p level for Cl; and up to the 1s level for C, O, and N. The general accuracy parameter "accint" was set to 4.5, which is quite a high value, and the other program parameters were kept to their default values. Calculations were run restricted for the zinc(II) and LS nickel(II) complexes. They were run unrestricted for the chloromanganese(III) complexes with M S , the projection of the total electronic spin along a reference axis, constrained to M S = +2. For the chloroiron(III) complexes, they were also run unrestricted, with M S constrained to M S = +1/2 and M S = +5/2 for characterizing the complexes in the LS and HS states, respectively.
In all cases, the symmetry of the complexes was constrained to C 2 . Note that the C 2 symmetry operation interchanges the pyrrole rings (1) and (1 0 ) and the (2) and (2 0 ) rings (see Figure 1) , and that one therefore verifies for the metalnitrogen distances: M-N i = M-N i 0 , with M = Zn, Ni, Fe, and Mn and i = 1 and 2. The important structural parameters for characterizing the geometries of the BCP8 and TMCP complexes in the RRRR and RβRβ conformations are (i) the M-Cl bond length (in chloroiron(III) and chloromanganese(III) complexes); (ii) the average metal-nitrogen bond length, which gives a measure of the contraction of the porphinato core; 15 (iii) the displacement of the metal atom out of the mean plane of the 24 atoms of the porphyrin core M-Ct (Ct: the projection of the metal atom on the mean plane); (iv) the root-mean-square (rms) out-of-plane displacement Δ rms , which provides a measure of the deviation of the porphyrin macrocycle from planarity and which is given by 50
where δ k is the orthogonal displacement of the kth atom of the macrocycle from the mean plane; and (v) the average torsional angle C R -N-N-C R between opposite pyrrole rings, which gives a measure of the ruffling of the porphyrin macrocycle and which is also known as the ruffling angle.
50,51
In order to further characterize the out-of-plane distortion of the porphyrin macrocycle in the investigated complexes, their structures have been analyzed using the normal-coordinate structural decomposition (NSD) scheme of Shelnutt et al. [52] [53] [54] In this scheme, the out-of-plane distortion of a given macrocycle is described by displacements along the lowestfrequency out-of-plane normal coordinates of the "ideal" D 4h -symmetric macrocycle. This thus gives the amounts of the saddling (sad, b 2u ), ruffling (ruf, b 1u ), doming (dom, a 2u ), waving ([wav (x), wav (y)], e g ), and propellering (pro, a 1u ) deformation types involved in the out-of-plane distortion of the considered macrocycle. Note that, within C 2 , the waving deformation types do not contribute to out-of-plane distortion.
Results and Discussion

The Zinc(II) and Low-Spin Nickel(II) Complexes.
In order to be consistent within the series of investigated BCP8 complexes, the conformational analysis of 1ˆand 2ĥ
as been reconducted at the RPBE/S 0 level. In this section, we compare the new results with those previously obtained with the PBE functional using the same basis set S 0 . The results thus obtained with the two functionals for the geometries of the RRRR and RβRβ conformers of the two complexes are summarized in Table 1 .
Inspection of Table 1 indicates that the geometries obtained with the two functionals tend to be very close. Indeed, when one considers for a given conformer of 1ˆor 2ˆthe RPBE and PBE parameter values, one notes that these values typically differ by less than ∼0.03 Å for the M-N bond lengths (M = Zn, Ni), the out-of-plane metal atom displacement M-Ct, and the rms out-of-plane displacement Δ rms , and by less than ∼2°for the ruffling angle C R -N-N-C R . Still, for the RβRβ atropisomer of 1ˆand for the RβRβ atropisomer of 2ˆto a lesser extent, noticeably larger differences exist between the RPBE and PBE values of the Δ rms and C R -N-N-C R parameters. Figure 3 summarizes the NSD results for the calculated and the available X-ray structures of the conformers of 1â nd 2ˆ. For RβRβ-1ˆ, the analysis of these data shows that Lawson Daku et al.
the out-of-plane distortion predicted at the PBE level for the porphyrin core consists almost exclusively of a large ruf deformation of 0.9 Å , the contributions from the other deformations being comparatively vanishing. In passing to the RPBE structure of RβRβ-1ˆ, there is a 0.4 Å increase of the ruf deformation, which goes with the large increase of 7.6°observed for the ruffling angle C R -N-N-C R (Table 1) . But there is also a second and large negative displacement (-1.0 Å ) along the sad deformation, which, along with the larger ruf deformation, explains the large difference observed between the PBE and RPBE values of Δ rms . For RβRβ-2ˆ, the use of the two functionals leads to structures which exhibit similar ruf deformations of ≈1.7 Å . This agrees with the fact that similar values are obtained for C R -N-N-C R at both levels ( Table 1) . The PBE and RPBE structures present also sad deformations of -0.3 Å and -1.2 Å , respectively. The large difference between the PBE and RPBE values of the displacement along this last deformation coordinate explains the large difference observed between the PBE and RPBE values of Δ rms (Table 1) . Actually, for the calculated structures of either conformer of 1ˆor 2ˆ, the displacement along the sad deformation is predicted to be more negative (or less positive) in the RPBE structure than in PBE structure, this trend being more pronounced for the RβRβ conformers (Figure 3 ). Besides these differences, there is an overall good agreement between the theoretical values of the key structural parameters of Table 1 and Figure 3 . This shows that the optimized geometries of a given conformer of the Zn(II) or LS Ni(II) complex are all quite similar to one another, irrespective of the theoretical level. In addition, for RRRR-1ˆand RβRβ-2ˆ, the inspection of Table 1 and Figure 3 shows that the calculated calculated geometries compare quite well with the experimental ones. Finally, it is worth noting that, although the porphyrin core is predominantly domed in the RRRR conformation, it also exhibits noticeable ruffling and saddling (Figure 3) . Table 2 gives the calculated PBE and RPBE values of the energy difference between the two conformers,
The two functionals give for 2ˆsmall ΔE cnf values in agreement with each other, which corresponds to a best estimate of about 800-900 cm -1 for the isolated complex. For complex 1ˆ, both functionals predict large but quite distinct energy differences: ΔE cnf = 2769 cm -1 at the PBE level and ΔE cnf = 4106 cm -1 at the RPBE level. Given that there are no data with which these values could be compared, it is difficult to tell a priori which functional performs best. However, the superior performance shown by the RPBE functional for the energetics of various phenomena involving transition metal compounds (chemisorption energetics of atoms and molecules on transition metal surfaces, 46 first CO dissociation energies of transition metal carbonyls, 55 and spin-state energetics of iron complexes [29] [30] [31] [32] ) suggests that the PBE functional actually underestimates the gas-phase value of ΔE cnf for 1ˆand, consequently, that our best estimate of ΔE cnf for the Zn(II) complex corresponds to the RPBE value of 4106 cm -1 . 3.2. The Chloroiron(III) and Chloromanganese(III) TMCP Complexes. In this section, we further assess the reliability of the DFT method used by applying it first to the study of the stereochemistry of the two TMCP complexes. The calculations targeted at the conformational analysis of the chloroiron(III) and chloromanganese(III) TMCP complexes led to the characterization of the RRRR-:: 3 in , RRRR-:: 3 out , and RβRβ-:: 3 conformers of the former complex in the LS 2 B and the HS 6 A states and to that of the RRRR-4 . in , RRRR-4 . out , and RβRβ-4 . conformers of the latter complex in the HS 5 A state (see Supporting Information (SI)).
3.2.1. Structures. The optimized LS and HS structures of a given conformer of :: 3 are very alike and also resemble the structure obtained for this same conformer in the case of the HS 4 . complex. These structures are illustrated in Figure 4 , which shows the optimized HS geometries of RβRβ-:: 3, RRRR-:: 3 in , and RRRR-:: 3 out . As can 5) . The values found for these parameters in the X-ray structure of the complex are also given.
b Average metal-nitrogen distance. Figure 4 , the optimized geometries of the RβRβ conformers of :: 3 and 4 . exhibit a ruffling of the porphyrin macrocycle and inwardly directed carbonyl groups. These two features are also present in the X-ray structures of RβRβ-:: 3 16 and RβRβ-4 . . 47 As for the two RRRR conformers of the TMCP complexes, their predicted structures exhibit a doming of the porphyrin core and ester moieties which have their carbonyl group outwardly directed. Table 3 gives the values of the key structural parameters that help characterize the optimized geometries of the RRRR and RβRβ conformers of :: 3 and 4 . . The values found for these parameters in the experimental geometries of their RβRβ conformers are also given. There is good agreement between them and their theoretical counterparts. Actually, the porphyrin macrocycle is predicted to be sligthly more expanded and less ruffled than experimentally observed. Indeed, the optimized metalnitrogen bonds (respectively, the calculated values of C R -N-N-C R ) are about 3% longer (respectively, 10% smaller) than the experimental ones. Such a discrepancy is very likely due to the neglect of the crystal packing forces in our calculations performed for the complexes in the gas phase.
Article
Upon the RRRR-:: 3 in f RRRR-:: 3 out change of conformations for :: 3 in the LS or HS state, or similarly upon the RRRR-4 . in f RRRR-4 . out change of conformations for HS 4 . , the largest change is observed for the metal atom out-of-plane displacement M-Ct, which decreases in all cases by ≈0.4 Å ( Table 3 ). The strong influence of the location of the chloride above or below the porphyrin macrocycle on the M-Ct parameter follows from the fact that the bonding interaction between the transition metal and Cl atoms shifts the metal atom toward the Cl atom. For the two TMCP complexes, one also observes upon the RRRR f RβRβ atropisomerisation a large increase of Δ rms and of C R -N-N-C R , which is indicative of the strong ruffling of the porphyrin core. As expected upon ruffling, 15 there is a concomitant contraction of the porphyrin core, which translates into a decrease of the metal-nitrogen distances by about 0.05 Å . Figure 5 summarizes the NSD results Lawson Daku et al.
for the calculated and available X-ray structures of :: 3 and 4 . .
There is a very satisfactory agreement between the NSD data obtained for the calculated and X-ray structures of HS RβRβ-:: 3 or HS RβRβ-4 . . For :: 3 and 4 . in their different spin-states, the out-of-plane distortion of the macrocycle proves to be remarkably conserved among the RRRR conformers and among the RβRβ conformers ( Figure 5 ). The conservation of the conformation of the macrocycle among the RRRR or RβRβ conformers of both species is also reflected by the similar values found for Δ rms and for C R -N-N-C R (Table 3 ). These conserved characteristic distortions can be considered as optimal in that they probably help maximize the bonding interactions between the M-Cl (M = Fe, Mn) and TCMP moieties of the complexes in the RRRR or RβRβ forms. In the RRRR conformation, the porphyrin core is predominantly domed with noticeable ruf and sad deformations. Furthermore, the amounts of the displacements along these deformation coordinates are rather weakly influenced by the R or β location of the chloride ligand. In passing to the RβRβ conformation, the core becomes predominantly ruffled with significant sad and dom deformations.
For the three conformers of :: 3, the Fe-N and Fe-Cl bonds lengthen by about 0.12 Å and 0.04 Å , respectively, when passing from the LS to the HS state. This is due to the population of the antibonding d x 2 -y 2 and d z 2 metallic levels. The optimized Fe-N bond lengths are slightly larger than the nominal equatorial Fe-N bond lengths of 1.990 and 2.069 Å reported for iron(III) porphyrins in the LS and HS spin states, respectively. 15 In fact, there is no reason as to why they should strictly match. Nevertheless, the HS-LS Fe-N bond length difference of ∼0.12 Å is in relatively good agreement with the ∼0.08 Å difference between the nominal HS and LS Fe-N bond lengths, and also with the average Fe-N bond length variation of about 0.15 Å observed in iron(III) spin-crossover complexes with ligating N atoms.
56,57 The LS f HS change of spin states is accompanied for all conformers of :: 3 by a strong increase of the Fe-Ct distance of ca. 0.4-0.5 Å . This large enhancement of the iron out-of-plane displacement may be the result of the combined effects of the weakening The ΔE LH values found for the RRRR-:: 3 in and RRRR-:: 3 out conformers are large (+2044 and +1408 cm -1 , respectively), and they are far greater than the value of +351 cm -1 obtained for the RβRβ-:: 3 atropisomer. This noticeable stabilization of the LS state with regard to the HS state upon the RRRR f RβRβ atropisomeriszation will be discussed below. Table 5 gives the electronic energies of the different conformers of :: 3 in the LS and HS states as well as those of the conformers of HS 4 . . For both complexes, the energies are given relative to the energy of their respective electronically most stable forms, namely, the HS RRRR-:: 3 in and RRRR-4 . in conformers. Actually, the two HS complexes are experimentally isolated as RβRβ conformers. Inspection of Table 5 shows that the HS RβRβ atroposisomers of :: 3 and 4 . are predicted to be close in energy to the HS RRRR-:: 3 in and RRRR-4 . in conformers, lying above them by only +372 and +282 cm -1 , respectively. This situation is similar to that found for the LS nickel(II) BCP8 complex 2ˆ. Indeed, although 2ˆis experimentally isolated as the RβRβ conformer, its electronically most stable form is predicted to be the RRRR conformer, with a small energy difference of +872 cm -1 (RPBE results of Table 2 ). Such discrepancies can be ascribed to the noninclusion in the analysis of the influences of factors other than those that are electronic, namely, environmental effects, zero-point energy, and entropy contributions to the free energies of the isolated conformers. These factors must indeed be taken into account in order to have the whole picture regarding the stereochemistry of the studied chiroporphyrins. Still, as emphasized in the Introduction, we remain focused for the time being on the study of the electronic and structural influences of the metals.
For :: 3 in the HS state, the electronically most stable conformer is RRRR-:: 3 in , with RβRβ-:: 3 and RRRR-:: 3 out respectively +372 and +2017 cm -1 higher in energy:
in < HSRβRβ-3 3 3 < HSRRRa-3
and the electronically most stable conformer is RβRβ-:: 3 in the LS state, with RRRR-:: 3 in and RRRR-:: 3 out respectively +1321 and +2702 cm -1 higher in energy:
LSRβRβ-3 3 3 < LSRRRR-3 3 3
in < LSRRRR-3
The large stabilization of the RβRβ conformation with regard to the RRRR conformations upon the HS f LS change of spin states is due to the fact that the LS Fe-N bonds are ≈0.1 Å shorter than the HS Fe-N bonds, and that the contraction of the porphyrin macrocycle stabilizes the RβRβ conformation with regard to the RRRR conformation. Such a stabilization of the RβRβ conformation with regard to the RRRR conformation is observed for BCP8 complexes upon the Zn(II) f Ni(II) substitution, which, similarly, gives rise to a shortening of the metal-nitrogen bonds of ∼0.1 Å (Tables 1  and 2 ). As in the case of the BCP8 complexes 1ˆand 2ˆ, the results obtained for the chloroiron(III) TMCP complex show that the control of the expansion of the porphyrin core achieved by varying the occupancy of the d x 2 -y 2 antibonding level provides an effective means of tuning the stereochemistry of complexes of such chiroporphyrins. For :: 3 in the LS or HS state and for HS 4 . , the electronically most stable RRRR conformers are predicted to be RRRR-:: 3 in and RRRR-4 . in . As put forth by Mazzanti et al.
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in discussing the preferences of axial ligands for RRRR or RβRβ conformers of Zn(II) complexes of substituted chiroporphyrins, the preferential location of the chloride anion on the R side of the macrocycle involves the combined effect of (i) a minimization of the steric repulsion between the substituents and the anion and (ii) a maximization of their attractive van der Waals interactions. One must also consider (iii) the repulsion between the chloride anion and the negatively charged macrocycle, 58,60 which is governed by the distance of the chloride to the macrocycle mean plane: Cl-Ct = M-Ct + M-Cl. Thus, for the RRRR conformers of :: 3 in either spin state and for those of HS 4 . , the large energy increase observed in moving Cl -from the R to the β location is correlated with the increase of repulsion which goes with the decrease of the Cl-Ct distance of as much as ≈0.4 Å .
The ordering of the energies of the three conformers of :: 3 in the HS state (eq 2) turns out to be the reverse ordering of their Cl-Ct distances: 3.098, 2.952, and 2.690 Å for 
+2522 +282
a For both complexes, the energy of the most stable form is taken as the zero of the energy scale. and the Cl-Ct distances are 2.935, 2.752, and 2.506 Å for RRRR-4 . in , RβRβ-4 . , and RRRR-4 . out , respectively. Such a correlation emphasizes the influence of the repulsion between the chloride anion and the macrocycle on the stereochemistry of the axially coordinated TMCP complexes. For both HS species, the Cl-Ct distance also significantly decreases by ≈0.1 Å on going from the RRRR-:: 3 in or RRRR-4 . in conformer to the RβRβ conformer. However, the change in the electronic energy is found to be vanishingly small in both cases, thus suggesting that the gain in energy due to the RRRR f RβRβ atropisomerization tends to compensate for the destabilization due to the increased repulsion between Cl -and the macrocycle. This view is actually supported by the results obtained for :: 3 in the LS state. Indeed, upon the HS f LS change of spin states, the Cl-Ct distance decreases by ≈0.4 Å for the two RRRR conformers of :: 3 and by ≈0.5 Å for its RβRβ conformers (Table 3) . However, while RRRR-:: 3 in and RRRR-:: 3 out are destabilized by 2044 and 1408 cm -1 , respectively, RβRβ-:: 3 is destabilized by 351 cm -1 only and becomes the electronically most stable conformer of :: 3 in the LS manifold. That is, the large contraction of the macrocycle upon the HS f LS change of spin states stabilizes the RβRβ conformation with regard to the RRRR conformation, and this does more than compensate for the destabilization brought about by the increased repulsion in the RβRβ conformation.
In summary, the RPBE/S 0 method could be successfully applied to the conformational analysis of the TMCP complexes :: 3 and 4 . . Complex :: 3 is correctly described as a HS species, and good agreement is observed between the optimized and X-ray geometries of the RβRβ conformers of the two HS complexes. The out-of-plane distortion of the porphyrin core proves to be remarkably conserved among the RRRR and the RβRβ conformers. The experimentally observed RβRβ conformation is found to be slightly higher in energy than the electronically most stable RRRR conformation with the axial Cl -ligand located on the R side of the macrocycle. This discrepancy can be ascribed to the neglect in our gas-phase conformational analysis of the environmental effects and also to that of the zero-point energy and entropy contributions to the free energies of the isolated conformers. Nonetheless, as demonstrated for 1ˆ, 2ˆ, :: 3, and 4 . , deep insight into the stereochemistry of transition metal complexes of such chiroporphyrins can be obtained through such gasphase studies.
3.3. The Chloroiron(III) and Chloromanganese(III) BCP8 Complexes. As in the case of the TMCP complexes, the calculations led to the characterization of the conformers of the chloroiron(III) BCP8 complex 3ˆin the LS 2 B and the HS 6 A states and to that of the conformers of the chloromanganese(III) BCP8 complex 4ˆin the HS 5 A state (see SI).
3.3.1. Structures. Figure 6 shows the optimized HS geometries of the RRRR-3ˆi n , RRRR-3ˆo ut , and RβRβ-3ĉ onformers.
These geometries resemble their LS counterparts and those of HS 4ˆa lot (not shown). For the RRRR (respectively, RβRβ) conformers of 3ˆand 4ˆ, the predicted structures of the bridled chiroporphyrin exhibit a doming (respectively, ruffling) of the porphyrin macrocycle and ester moieties which have their carbonyl group outwardly (respectively, inwardly) directed. These features are also present in the calculated and the available X-ray structures of the RRRR (respectively, RβRβ) conformers of 1ˆ, 2ˆ, :: 3, and 4 . 1,16,47 as well as in the X-ray geometries of the RRRR (respectively, RβRβ) conformer of [MnCl(BCP10)].
2 They are thus predicted to be intrinsic structural features of the RRRR (respectively, RβRβ) atropisomers of TMCP and BCPn complexes. Table 6 gives the values of the key structural parameters which help characterize the optimized geometries of the conformers of 3ˆand 4ˆ. It also gives the values found for these parameters in the X-ray structures of the RRRR and RβRβ conformers of the relevant HS chloromanganese-(III) complex of BCP10 [MnCl(BCP10)] (5ˆ).
2 For the RRRR structures of 3ˆin either spin state or HS 4ˆ, an inspection shows that, with the exception of the metal atom out-of-plane displacement M-Ct, these parameters which govern the interactions between the MCl fragment (M = Fe, Mn) and the chiroporphyrin tend to adopt in both structures a common set of optimal values. As previously pointed out, the strong sensitivity of the M-Ct parameter to the R or β position of the axial ligand is due to the bonding interaction between the transition metal and Cl atoms, which shifts the metal atom toward the Cl atom. One also notes for 3ˆand 4ˆin the RβRβ conformation that the metal atom lies out of the macrocycle mean plane (Table 6) , in contrast to the in-plane position of the metal atom observed for the RβRβ conformers of 1ˆand 2ˆ. The metal atom exhibits a similar out-of-plane displacement for :: 3 and 4 . in the RβRβ conformation (Table 3) . This most probably helps reduce the repulsion between the porphyrin ring and the Cl -ligand.
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For discussing the out-of-plane deformations of the macrocycles, we now consider the NSD results summarized in Figure 7 for the optimized geometries of the conformers of 3ˆand 4ˆin their different spin states, as well as for the experimental geometries of the conformers of HS 5ˆ. For the RRRR conformers of 3ˆand 4ˆ, there is a striking conservation of the deformations of the macrocycle, which is predominantly domed with noticeable ruf and sad deformations (Figure 7) . These deformations are similar to those found in the RRRR conformers (i) of the BCP8 complexes 1ˆand 2ˆ (Figure 3 ) but also (ii) those of the TMCP complexes :: 3 and 4 . ( Figure 5 ) and (iii) those of the BCP10 complex 5ˆ (Figure 7) . This remarkable conservation of the deformations of the macrocycle is consistent with the observed similarities between the values of Δ rms and C R -N-N-C R for the RRRR conformers of all of the considered chiroporphyrin complexes (Tables 1, 3 , and 6). It thus follows that the structure of the macrocycle in the RRRR conformation is weakly affected by the presence of the bridles and by their lengths. Remarkably, however, for the chloroiron and chloromanganese complexes in the RRRR conformation characterized by the location of the Cl atom on the R side of the macrocycle, passing from the TMCP to the BCP8 complexes gives rise to a large decrease of the M-Ct distance of about 0.06-0.10 Å and to a shortening of the M-Cl bond of ∼0.02 Å (M = Fe, Mn). Such structural changes are not observed when the Cl atom lies on the β side of the macrocycle (Tables 3 and 6 ). Therefore, when the Cl atoms and the meso subtituents are in position R, the large shift of the M-Cl fragment toward the macrocycle in passing from the TMCP to the bridled complexes can be ascribed to the steric repulsion between the bridles and the Cl atom.
For the RβRβ conformers of 3ˆand 4ˆ, the macrocycle is predominantly ruffled with noticeable displacements along the sad and dom deformations (Figure 7 ). These deformations of the macrocycle are well-conserved among these RβRβ conformers. Still, on passing from the iron or manganese TMCP complexes to their BCP8 analogues, there is a drastic decrease of the ruf deformation of 0.5 Å at least. This decrease of the ruf deformation goes with an increase of the average metal-nitrogen distances of ∼0.02 Å and a decrease of Δ rms and C R -N-N-C R by a factor of about two-thirds. This shows that the short bridles are responsible for the porphyrin core being less contracted and less ruffled in complexes of RβRβ-BCP8 than in their RβRβ-TMCP counterparts. This view is supported by the fact that there is, for RβRβ-4 . and RβRβ-5ˆ, a better agreement between their structural data than for RβRβ-4ˆand RβRβ-4 . . That is, the ruffling of the macrocycle and its concomitant contraction in the RβRβ conformers of the chloromanganese(III) complexes increase in passing from BCP8 to BCP10. This is in line with previous findings on the free base chiroporphyrins RβRβ-H 2 BCPn and on their LS nickel(II) complexes that the restraints imposed on the ruffling of the macrocycle monotonically decrease as the length of the bridles increases from n = 8 to n = 12. The influence of the spin state on the structures of the conformers of 3ˆproves to be the same as that observed for :: 3. Thus (Table 6) , for the three conformers of 3ˆ, the LS f HS change of spin states entails a lengthening of the Fe-N and Fe-Cl bonds of about 0.12 Å and 0.04Å , respectively, which is due to the population of the antibonding d x 2 -y 2 and d z 2 metallic levels. There is also a large increase of the Fe-Ct distance of ∼0.4-0.5 Å , which follows from the interplay between the weakening of the Fe-N bonds and the repulsion between the axial ligand and the macrocycle. a Values found for these parameters in the X-ray structures of the conformers of the relevant complex [MnCl(BCP10)] (5ˆ) are given for comparison purposes.
b Average metal-nitrogen distance. As compared to 1ˆand LS 2ˆ, the porphyrin macrocycle distortion in 3ˆand 4ˆis actually controlled not only by the occupancy of the stereochemically active d x 2 -y 2 level but also by the repulsion between the chloride and the porphyrin macrocycle. Thus, on the basis of the occupancy of the antibonding d x 2 -y 2 level, one would expect that, for any conformation of the BCP8, the metal-nitrogen distances evolve with the nature of the cation and the spin state as follows:
the rationale behind eq 5 being the fact that the d x 2 -y 2 level is empty in LS complexes 2ˆand 3ˆand in HS complex 4ˆand that it is singly and doubly occupied in HS 3ˆand the 1ĉ omplexes, respectively. However, when one compares the results obtained for the three complexes at the same theoretical levels (Tables 1 and 6) -N < 0 (eq 5). Hence, these bond length differences give for 3ˆand 4ˆa measure of the influence of the axial Cl -ligand on the porphyrin macrocycle expansion, which it actually favors. Their large increase by passing from the RRRR to the RβRβ conformation indicates that the presence of the axial ligand penalizes the contraction of the macrocycle that goes with the RRRR f RβRβ atropisomerization. The ruffling which accompanies the atropisomerisation is thus also restrained in 3ˆand 4ˆby the presence of the axial ligand, the values of Δ rms and C R -N-N-C R as well as the ruf deformations found for LS and HS RβRβ-3â nd for HS RβRβ-4ˆremaining significantly lower than those found for RβRβ-1ˆand RβRβ-2ˆ(see Tables 1 and 6 and Figures 3 and 7) . Inspection of Figures 3 and 7 also shows that there is a large decrease of the sad deformations in passing from the RPBE and available X-ray structures of the RβRβ conformers of 1ˆand 2ˆto those predicted for RβRβ conformers of 3ˆand 4ˆ. This suggests that the presence of the axial ligand tends also to prevent the sad deformation of the porphyrin core from taking place.
3.3.2. Energetics. The conformational analysis performed for 3ˆin the LS and HS states gives the complex as a HS species, as can be inferred from the positive ΔE LH values reported in Table 7 . This result is consistent with the one obtained for 3ˆand with the fact that the chloroiron(III) porphyrins are HS species. 15, 16 An inspection of Tables 4 and 7 shows that the value of ΔE LH is nearly the same in RRRR-3ˆo ut and RRRR-:: 3 out , +1426 cm -1 versus +1408 cm, whereas it significantly decreases from +2044 cm -1 in RRRR-:: 3 in to +1307 cm -1
in RRRR-3ˆi n . This is evidence that the Cl atom and the bridles directly interact when they are located on the same face of the porphyrin macrocycle, and that these interactions vanish when they are on opposite faces. Furthermore, the decrease of ΔE LH in passing from RRRR-:: 3 in to RRRR-3ˆi n indicates that these interactions destabilize the HS state with regard to the LS state. Given that the 
